A variety of research fields has analyzed actual productivity change from environmental pollution through the Malmquist environmental productivity index, but to our best knowledge, no research has thus far been conducted in the transportation sector to evaluate the effects of a CO2 emissions change on actual productivity. For this reason, this study reviews how actual productivity in the US transportation sector has been affected by the CO2 emissions change for 2002-2012 and then reveals the driving forces behind it. We find that the CO2 emissions increase from 2002 to 2007 has a negative effect on actual productivity in the US transportation sector, but the CO2 emissions reduction for 2008-2011 increases actual productivity. A state mainly showing a sustainable growing pattern (decrease in CO2 emissions and increase in actual productivity) experiences a higher technological innovation increase than an efficiency decrease. This finding suggests that using fuel-efficient and carbon reduction technologies as well as alternative transportation energy sources may be essential factors to both grow transportation and prevent global warming.
Introduction
The concentrations of greenhouse gases (GHGs) in the atmosphere made by human activities have increased since the Industrial Revolution and they have led to significant global warming compared with the past two centuries [1] . Rising temperature globally is contributing to a rise in sea level caused by melting ice in the North and South Poles, more frequent occurrences of natural disasters (floods, droughts, etc.), and a change of ecosystems on Earth, thereby threatening its survival and prosperity [2] - [4] .
At the global scale, carbon dioxide (CO 2 ), which was the largest GHG emissions source in 2004, consists of 60% of total GHG emissions, while transportation-sector CO 2 emissions represented 15% of total GHG emissions in 2010. Furthermore, global CO 2 emissions from transport increased by 45% in 1990-2007 , and these are projected to increase by approximately 40% from 2007 to 2030 [5] [6] . Hence, the transportation sector is a large and steadily growing source of GHG emissions [7] .
In the US, CO 2 emissions account for 82% of total US GHG emissions, which is higher than the global average. Furthermore, the US transportation sector emitted over one-third of total US CO 2 emissions in 2012. US CO 2 emissions, which are the second largest in the world, represented 1481 million metric tons (MMT) in 2010, which accounted for 19% of CO 2 emissions in the world, while China emitted 2259 MMT (23%) [8] [9] . On the other hand, CO 2 emissions have reduced in the US transportation sector since 2008, as a result of not only political support for more fuel-efficient vehicle standards and the development of cost-effective alternative energy, but also changes in consumer and producer preferences toward eco-friendly vehicles [2] [10] [11] . A transport mode that operates only on electricity or hydrogen does not emit CO 2 emissions [14] . However, most transport modes (airlines, light-and heavy-duty vehicles, rail, and sea vessels) are today driven by the combustion of fossil fuels. However, CO 2 will be emitted less and less with newer carbon reduction technologies and by using carbon-neutral alternative fuels [15] - [21] .
For the past couple of decades, a variety of studies have used the Data Envelopment Analysis Malmquist productivity index to measure productivity changes [22] - [26] . However, but as a couple of authors have pointed out [27] [28] , this approach is limited to analyzing the relationship between output change(s) and non-environmental factors.
However, Ball et al. [27] developed the Malmquist environmental productivity index to measure the effects of environmental pollution on actual productivity change and this has been applied in various fields including transportation by several researchers [27] - [32] . In 2004, Ball et al. [27] used the Malmquist environmental productivity index to measure US agriculture productivity for 1960-1996 with four environmental impact variables, and Lansink and Silva [29] utilized it to calculate the environmental productivity of pesticides based on the shadow price 1 of pesticides generated from a non-parametric method. On the other hand, Managi et al. [30] and Watjanapukka [31] applied the Malmquist environmental productivity index to explain the interactions between environmental regulations, technological innovation, and productivity growth in the oil and gas industry in the Gulf of Mexico and productivity changes in US electricity generation from environmental externalities (SO 2 , NO x , and CO 2 ), respectively. Similarly, Heng et al. [28] used it to reveal the actual productivity change from an air pollution reduction in the US trucking industry and Shortalla and Barnesb [32] applied it to examine environmental efficiency, including the change in GHG emissions from milk ranches in Scotland.
In the literature, however, even though a variety of research fields has analyzed actual productivity change from environmental pollution through the Malmquist environmental productivity index, to our best knowledge, no research has thus far been conducted in the transportation sector to evaluate the effects of a CO 2 emissions change (GHG emissions change) on actual productivity. To address this limitation, this study reviews how actual productivity in the US transportation sector has been affected by the CO 2 emissions change for 2002-2012 and then reveals the driving forces behind it. From this study, state-level findings will be used to evaluate whether each state's CO 2 emissions reduction efforts have appropriately functioned at its boundary.
The second section of this study presents the study area and factors of CO 2 emissions changes and the third section explains the methodology. After the data and empirical results are presented, the conclusions discuss the relationship between actual productivity and the CO 2 emissions change in the US transportation sector.
Study Area and Factors of the CO2 Emissions Change
The transportation sector plays an important role in the growth in the US economy, which showed spending of $1.33 trillion in 2012, accounting for 8.5% of US total GDP. While it is a major and large-scale sector to increase national wealth, the transportation sector is also a significant source of emitting CO 2 in the US Indeed, it is the fastest-growing source of CO 2 emissions among other sectors (industry, commercial, residential, and agriculture), showing an approximately 17% net increase in total US transportation CO 2 emissions between 1990 and 2011 [12] [33] .
To consider the significant CO 2 emissions in the US transportation sector and to detect its micro-level change by state, the study area for this study was defined as all 49 states in the US and Hawaii and Alaska. There exist many possible factors behind the CO 2 emissions change, but among them, this study largely demonstrates three main factors. First, there is a state policy change. For example, many states show their own strategies to simultaneously achieve a CO 2 emissions reduction and economic development goals in the transportation sector. States are doing exemplary actions to address CO 2 emissions activities within their states by making either 1) case studies lead by example activities 2 ; 2) a GHG inventory 3 ; or 3) climate change action plans 4 [34] . Second, a total fuel consumption decline has been observed in the US transportation sector since 2008 and this is projected to fall from 26.7 quadrillion Btu in 2012 to 25.5 quadrillion Btu in 2040. Because at least 99% of the carbon in a fuel is emitted as CO 2 through combustion, the recent CO 2 emissions reduction during the same period was directly led by the total fuel consumption decline. Such a decreasing trend in total fuel consumption was attributed to a variety of causes such as increases in vehicle fuel efficiency with improving CO 2 reduction technologies, oil price, biofuel production, and a decrease in vehicle mileage travel from Light Duty 
Methodology
Let us define: Conventional Malmquist productivity is calculated from four output distance functions, and these functions are defined as follows [22] - [25] :
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The first distance function in Equation (1) explains the maximum change in outputs from the input vector with the technology at t, and it is noted that it is less than or equal to 1 if and only if ( )
x y is on the technology frontier. The mixed-period distance function in Equation (2) means the maximum change in outputs from 1 t + inputs compared with the t technology. In Equation (3), the maximum change in outputs from t inputs with the technology at 1 t + is evaluated, and Equation (4) [23] , and Choi et al. [39] , the output-based conventional Malmquist productivity is as follows: 
According to Ball et al. [27] , output-based environmentally sensitive Malmquist productivity is defined as 
In Equation (6) , with the presence of environmental pollution, the environmental efficiency change is shown with out of the square brackets between t and 1 t + periods and is called a catching up, namely how much closer a state can approach the ideal frontier. On the other hand, environmental technical progress is the geometric mean of the second term in the square brackets in periods of t and 1 t + , and this means a technological innovation, namely how much the ideal frontier shifts from the existing technology. If ( ) 1 M EH = , then there is no environmental productivity growth between t and 1 t + periods, whereas if
there is positive (negative) environmental productivity growth between these two periods [24] .
Following Ball et al. [27] , the Malmquist environmental productivity index is the ratio of environmentally sensitive and conventional Malmquist productivities as follows: 
( ) E H , the Malmquist environmental productivity index, has three signs: if ( ) 1 E H = , then it means that environmentally sensitive Malmquist productivity and conventional Malmquist productivity are the same, that is, environmental pollution does not have any impact on actual productivity change; if ( ) 1 E H > , then it implies that environmentally sensitive Malmquist productivity is greater than conventional Malmquist productivity (actual productivity growth is affected by the change in environmental pollution), and; if ( ) 1 E H < , then environmentally sensitive Malmquist productivity is less than conventional Malmquist productivity. Hence, the change in environmental pollution has an impact on the actual productivity decline [28] .
Data
The output distance function only needs data for inputs, output, and pollutions [28] , meaning that in our analysis state-level panel data of 51 states for the period of 2002-2011 were used. These consist of one proxy for output, three proxies for inputs, and one proxy for GHG effects in the US transportation sector. The one output is GDP from the transportation sector in a state, which was measured in millions of dollars and derived from the US Bureau of Economic Analysis [12] . For inputs, the number of workers, number of establishments, and all petroleum consumption by the transportation sector in a state were utilized: the first and second inputs are measured in ones and obtained from the US Census Bureau [40] and the third input, thousand barrels of oils, was derived from the US Energy Information Administration [41] . To be representative of the GHG effect, state CO 2 emissions by fuel combustion in the transportation sector were chosen and derived from the US Environmental Protection Agency [13] and measured in MMT. Table 1 shows the summary statistics for the data used in this study. The coefficient of variation in each variable that is calculated from the ratio of the standard deviation to the mean shows much less than 10 6 , suggesting the dispersion of the variables is small [42] ; therefore, no input and output used in the data shows a high heterogeneity among the 51 states. California has the largest transportation industry in the data, while District of Columbia is the smallest transportation industry. In addition, in terms of output production and CO 2 emissions, California's transportation industry produces approximately 125 times more gross output and 168 times more CO 2 emissions than District of Columbia's transportation industry. During the study period, CO 2 emissions from the US transportation sector in 2011 decreased by 2% compared with 2002, but GDP from it in 2011 increased by 48% during the same period.
Empirical Results
To measure the effects of the CO 2 emissions change on US transportation productivity for 2002-2011, the Malmquist environmental productivity index was calculated from a Data Envelopment Analysis (program 2.1) 7 and decomposed into conventional and environmentally sensitive Malmquist productivities and their efficiency and technological components in the Malmquist summary of state means in Table 3 . In Table 4 , the index from the Malmquist summary of annual means was used to reveal the relationship between CO 2 emissions changes and actual productivity.
Before further discussions of the Malmquist environmental productivity index, the two non-parametric statistical tests in Table 2 were performed to assess the validity of conventional and environmentally sensitive Malmquist productivities. Even though the Sign test rejected the null hypothesis that the difference between them is equally positive or negative at the 10% significance level, there was insufficient evidence to show the difference in the two productivities was nonzero. Therefore, the Signed Rank test was additionally performed to compare the differences between conventional and environmentally sensitive Malmquist productivities with zeroes, and then the null hypothesis of indifference between them was rejected at 5%, showing that they were statistically different from each other [43] .
In Table 3 , the effects of these CO 2 emissions changes were interpreted with the three distinct findings from the Malmquist environmental productivity index. First, among the 51 states, 17 states showed an actual productivity decline (E(H) < 1) with a decrease in CO 2 emissions, which suggests that a CO 2 emissions reduction in one-third of US states from the transportation sector negatively affected actual productivity. Second, California, which had emitted the largest CO 2 but decreased CO 2 emissions from the transportation sector the most, demonstrated that conventional and environmentally sensitive Malmquist productivities were the same (E(H) = 1), which means a CO 2 emissions reduction had not changed actual productivity. Third, as the ideal case, 30 states, much more than half of the 51 states sampled, revealed actual productivity growth (E(H) > 1) with a decrease in CO 2 emissions.
Many states (22 in 30) with E(H) > 1 showed higher (lower) technological (efficiency) change scores in environmentally sensitive Malmquist productivity than in conventional Malmquist productivity, implying that the driving force of actual productivity growth from a CO 2 emissions reduction was attributed to a technological innovation increase exceeding an efficiency decrease. On the other hand, all states with E(H) < 1 experienced lower efficiency change scores when considering a CO 2 emissions reduction compared with conventional Malmquist productivity. These lowered inefficiency scores eventually resulted in an actual productivity decline since they were not offset by increased technological scores, and were aggravated in some states by decreased technological scores in environmentally sensitive Malmquist productivity.
Most states have emitted less and less CO 2 from the transportation sector since 2008, but as noted Nebraska and North Dakota have increased CO 2 emissions, leading to actual productivity growth. The reverse trend of these two states is not desirable to compare to a sustainable growing pattern found by the third finding above. A solution might be achieved by actively considering existing and upcoming transportation policies to reduce CO 2 emissions. However, these could cause an actual productivity decline once they negatively function as a heavy burden to reducing CO 2 emissions, as in the second case. Figure 3 geographically describes the summary of the Malmquist environmental productivity index with a CO 2 emissions change in the transportation sector by state means for 2002-2011.
Unlike Table 3 (state means over the 10-year period), Table 4 
Conclusions
It can be assumed that CO 2 emissions reduction efforts in the transportation sector have a negative effect on productivity growth since reducing CO 2 emissions would lead to not only a decrease in fossil fuel consumption (mainly used to all transport modes), but also large-scale financial investments for developing CO 2 reduction technology and alternative energy.
By applying the Malmquist environmental productivity index in the US transportation sector by state, this study, however, revealed that the effects of a CO 2 emissions reduction can positively affect actual productivity growth. Most states experiencing such sustainable growth showed technological innovation increases going beyond efficiency decreases. Activities to reduce CO 2 emissions evidently affected decision making and acted as a heavy burden to actual productivity. However, new technology developments, making possible more fuel-efficient and carbon reduction transport modes as well as alternative transportation energy sources in recent years, have moved the ideal frontier further from the existing out-of-date frontier.
This might make us question why in the same nation each state had no choice but to experience individual and different efficiency and technological changes. Although new carbon reduction and fuel-efficient technologies were developed in the market, the usage of these at the initial stage required the payment of high costs to producers as well as consumers. Thus, once we understand that each state has different political tendencies with regard to subsidies and environmental regulations, cultural understanding, and concerns about CO 2 emissions, the result in this study could make sense.
Given the advancing low-carbon and energy-efficient technology and increasing environmental policies for the CO 2 emissions reduction in the transportation sector in the world, it will be possible in the near future for CO 2 emissions reduction efforts in the transportation sector to positively affect productivity growth.
This study, nevertheless, could not estimate the individual and quantified effect on actual productivity of a change in environmental policy, fuel-efficient and CO 2 reduction technology development, or each input used. We could only decompose actual productivity change into efficiency and technological changes based on the Malmquist environmental productivity index, but those two factors might be two of many more possible driving forces. In addition, due to data confidentiality, this study had no choice but to focus on aggregate transportation sector data, not by each transport mode such as airlines, trucks, railways, sea vessels, pipelines, and so on. Thus, those limitations might be solved by a future study, if one can collect data by transport mode and use a multiple regression.
